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(54) Bistable display panel with a layer of uniformly sized dontains of light modulating material 



(57) A light-modulating, electrically responsive 
sheet including a substrate and electrically conductive 
layer fonned over the substrate. The sheet further in- 
cludes a lightHmodulating layer disposed over the elec- 
trically conductive layer and including at least one dis- 
persible light-modulating material and coalescence lim- 



iting nnaterial into which the dtspersible light-modulating 
material(s) is provided so that such dis|:>ersible light- 
modulating material coalesces to form a limited coa- 
lesced material having a set of domains each having a 
set of domains that exhibit different electrically respon- 
sive optical states. 
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Description 

[0001] The present invention relates to coatable 
sheets having light-nnodulating material. 
[0002] Cun'entty, Information is displayed on sheets s 
using pemnanent inks or displayed on electronically 
modulated surfaces such as cathode ray displays or liq- 
uid crystal displays. Other sheet materials can carry 
magnetically writable areas to carry ticketing or financial 
infomnation, however magnetically written data is not 
visible. 

[0003] Worid patent application PCT/WO 97/04398. 
entitled "Electronic Book With Multiple Display Pages", 
is a thorough recitation of the art of thin, electronically 
written sheet display technologies. Disclosed is the as- ^5 
sembiing of multiple display sheets that are bound into 
a "book", each sheet provided with means to individually 
address each page. The patent recites prior art in fomn- 
ing thin, electron bally written pages, including flexible 
sheets, image modulating material formed from a bi-sta- 20 
ble liquid crystal system, and thin metallic conductor 
lines on each page. 

[0004] Heretofore, US-A-3,697,297, discloses mate- 
rial suitable for such a device. A cholesteric liquid crystal 
material is encapsulated by light penetrable gelatin and 25 
gum arable capsules that are coated on a screen. The 
screen changes color when receiving sufficient heat en- 
ergy to clear the cholesteric material. 
[0005] Fabrication of flexible, electron k:ally written 
display sheets using liquid crystals materials was ad- 30 
vanced by US-A-4,435,047. A first sheet has transpar- 
ent rro conductive areas and a second sheet has elec- 
trically conductive inks printed on display areas. The 
sheets can be thin glass, but in practk^e have been 
formed of Mylar polyester. A dispersion of liquid crystal' 35 
material in a binder is coated on the first sheet, and the 
second sheet is bonded to the Ikjuid crystal material. 
Electrical potential is applied to opposing conductive ar- 
eas to operate on the liquid crystal material and expose 
display areas. The display uses nennatic liquid crystal ^ 
materials, whk^h ceases to present an image when de- 
energized. Currently, privacy windows are created using 
the scattering properties of conventional nematk: liquid 
crystals. Such materials require continuous electrical 
drive to remain transparent. ^ 
[0006] US-A-5,437,811 discloses a light-modulating 
cell having a polymericaify dispersed chiral nennatc liq- 
uid crystal. The chiral nematic liquid crystal has the 
property of being driven between a planar state reflect- 
ing a specif b visible wavelength of light and a light scat- so 
tering focal-conic state. Said structure has the capacity 
of maintaining one of the given states in the at)sence of 
an electric field. 

[0007] The prior art discloses methods for forming 
polymer beads from polymeric precursors in aqueous 55 
suspension such as, US-A-2,932,629. US-A-2,932,629 
disclose a limited coalescent method for forming sphe- 
roid partrcies of highly unifomi size through the use of 



colloidal particles to limit coalescence of smaller drop- 
lets into larger, unifonn domains. The polymerizabie liq- 
uid is brought to given size, and a catalytk: agent per- 
fomns the polymerization reaction to f onn solid polymer- 
k: bodies having substantially unrfomn size. The tech- 
nique of using limited coalescence for uniform bead size 
during polymerization is further disclosed in US-A- 
3,933,771, US-A-4,324,932, and US-A-4,833,060. 
[0008] Accordingly, it is an object of the present inven- 
tion to provide a sheet having a machine coatable pol- 
ymerically dispersed light-modulating material of uni- 
fonn domain size. 

[0OO9] Another object of the present invention is to 
disperse liquid crystal material using limited coales- 
cence and coat the dispersion to f onm a dispersed light- 
modulating layer having improved optical properties. 
[0010] Sheets made in accordance with the present 
invention can be used to provide a re-writable image 
sheet. The present invention uses a colloidal solid par- 
ticle emulsifierto limit domain growth from a highly dis- 
persed state. Unifomnty sized liquid crystal domains are 
created and machine coated to manufacture light-mod- 
ulating, electrically responsive sheets with improved op- 
tical efficiency. The sheet can befomned using inexpen- 
sive, efficient photograph b layer methods. A single 
large volume of sheet material can be coated and 
fomied into various types of sheets and cards. Displays 
in the form of sheets in accordance with the present in- 
vention are inexpensive, simple and fabricated using 
low-cost processes. 

[0011] These objects are achieved by a light-rrK>du- 
lating, electrically responsive sheet comprising: 

(a) a substrate; 

(b) an electrically conductive layer fonned over the 
substrate; 

(c) a light-modulating layer disposed over the elec- 
trically conductive layer and including at least one 
dispersible light-modulating material and coales- 
cence limiting material into whbh the dispersible 
light-modulating material(s) ts provided so that such 
dtspersble light-modulating material coalesces to 
form a limited coalesced material having a set of 
domains that exhbit different electrically respon- 
sive optical states. 

[0012] Rexible sheets can eftidentiy be made in ac- 
cordance with the present invention whbh has a light- 
modulating layer which has domains with improved op- 
tical properties. By changing the tield applied across the 
layer, infomnation can be written in the sheet. 

FIG. 1 A is a sectional view of a sheet having a layer 
of polymer dispersed cholesterb liquid crystal ma- 
terial formed using conventional dispersion meth- 
ods; 

FIG. 1 B is a sectional view of the sheet of FIG. 1 A 
with an applied electrical field; 
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FIG. 2A is a sectional view of a slieet having a pol- 
ymer dispersed limited coalescentchoiesteric liquid 
crystal material; 

FIG. 2B is a sectional view of the sheet of FIG. 2A 

with an applied electrical field; 

FIG. 3A Is a schematic sectional view of a chiral 

nematic material in a planar state reflecting light; 

FIG. 3B is a schematic sectional view of a chiral 

nematic material in a focal-conic light transmitting 

state; 

FIG. 4 is a sectional view of a domain containing 
chiral nematic liquid crystal material; 
FIG. 5 is a graph of the reflectance vs. domain size 
of a cholesteric material using conventional and lim- 
ited coalescence materials; and 
FIG. 6 is the spectral distribution of polymer dis- 
persed cholesteric liquid crystal materials using 
conventional and limited coalescent dispersion 
methods. 

[0013] FIG. 1A is a sectional view of a portion of a 
sheet 10 having a conventional polymer dispersed light- 
modulating material. The sheet 10 includes a substrate 
15. Substrate 15 can be made of a polymeric material, 
such as Kodak Estarfilm base formed of polyester plas- 
tic, and have a thickness of between 20 and 200 mi- 
crons. For example, substrate 15 can be a 80 micron 
thick sheet of transparent polyester. Other polymers, 
such as transparent polycarbonate, can also be used. 
Altematively, substrate 15 can be thin, transparent 
glass. 

[0014] A first conductor 20 is formed over substrate 
1 5. First conductor 20 can be a transparent, electrically 
conductive layer of tin-oxide or indium-tin-oxide (ITO), 
with^lTO being the prefenred material. Typk:ally, first coii- 
duc^or 20 is sputtered onto the substrate 1 5 to a resist- 
ance of less than 250 ohms per square. Altemativety, 
first conductor 20 can be an opaque electrical conductor 
fonrted of metal such as copper, aluminum or nrckel. If 
first conductor 20 is an opaque nrtetal, the metal can be 
a metal oxide to create a light absorbing first conductor 
20. 

[0015] A light-modulating layer 30 is deposited over 
first conductor 20. Light-modulating layerSO can contain 
a cholesteric lk)uid crystal of conventional design. The 
Ik^uid crystal can be a chiral doped nematk; liquki crys- 
tal, also known as cholesteric liquid crystal, such as 
those disclosed in US-A-5,695,682. Application of fields 
of various intensity and duration change the state of chi- 
ral doped nematic materials from a reflective to a trans- 
missive state. These materials have the advantage of 
maintaining a given state indefinitely after the field is re- 
moved. Cholesteric liquid crystal materials can be Mer- 
ck BL1 1 2, BL1 1 8 or BL1 26 which are available from EM 
Industries of Hawthorne, NY. The light-modulating layer 
30 is effective in two conditions, whk:h will be described 
in more detail below. Other light reflecting or diffusing 
modulating, electrically operated materials can also be 



coated such as a mrcro-encapsulated electrophoretk: 
material in oil, or rotating, multicolored spheres influ- 
enced by an electric field. 

[0016] In one embodiment, a liquid crystal material is 

5 dispersed in water containing a water-soluble binder 
material such as de-ionized gelatin, polyvinyl alcohol 
(PVA) or polyethylene oxide (PEO). Such compounds 
are machine coatable on equipment associated with 
photograph^ films. It is important that the binder have 

10 a low ionic content. The presence of ions in such a bind- 
er hinders the development of an electrical field across 
the dispersed liquid crystal material. Additionally, ions 
in the binder can migrate in the presence of an electrical 
field, chemically damaging the light-modulating layer 

15 30. The liquid crystal and gelatin emulsion are coated 
to a thickness of between 5 and 30 mk:rons to optimize 
optical properties of light-modulating layer 30. The coat- 
ing thickness, size of the liquid crystal domains, and 
concentration of the domains of liquid crystal materials 

20 are designed for optimum optk^l properties. This ar- 
rangement permits the fomnation of limited coalesced 
material having a set of domains that exhibit different 
electrically responsive optical states. Heretofore, the 
dispersion of liquid crystals is performed using shear 

25 mills or other mechanbal separating means to form do- 
mains 32 of liquid crystal within light-modulating layer 
30. 

[0017] A second conductor 22 is applied to the sur- 
face of light-modulating layer 30. Second conductor 22 

30 should have suff bient conductivity to carry a field across 
light-modulating layer 30. Second conductor 22 can be 
fomried in a vacuum environment using materials such 
as aluminum, tin, silver, platinum, cariDon, tungsten, mo- 
lybdenum, or indium. Oxides of said metals can be used 

35 to darken pattemable conductive layer 14. The metal 
material can be excited by energy from resistance heat- 
ing, cathode arc, electron beam, sputtering or magnet- 
ron exdtatk>n. Tin-oxide or indium-tin oxide coatings 
permit second conductor 22 to be transparent. Attema- 

40 tively, second conductor 22 can be printed conductive 
ink such as Electrodag 423SS screen printable electri- 
cal conductive material from Acheson Corporation. 
Such printed materials are finely divided graphite parti- 
cles in a themnoplastic resin. 

45 [0018] FlG.3Aand FIG. 3B show two stable states of 
cholesteric liquid crystals. In FIG. 3A, a high voltage field 
has been applied and quickly switched to zero potential, 
whbh causes cholesteric liquid crystal molecules go into 
planar state 72. In FIG. 3B, applk^ation of a k>wer voltage 

50 field hascausedmolecules of thecholestericliquidcrys- 
tal to break into transparent tilted cells known as the fo- 
cal-conic state 74. Increasing the time duration of a low- 
voltage pulse progressively drives the molecules in a 
planar state 72 towards a fully evohred and transparent 

55 focal-conic state 74. 

[0019] A light absorber 70 can be positioned on the 
side opposing the incident light 40. In the fully evolved 
focal-con b state the cholesteric liquid crystal is trans- 
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parent, passing incident light 40, which is absorbed by 
light absorber 70 to create a black image. Progressive 
evolution of the focal-conic state causes a viewer to per- 
ceive a reflected light 46 that transitions to black as the 
chotesteric material changes from planar state 72 to a 
fully evolved focal-conic state 74. The transition to the 
light transmitting state is progressive, and varying the 
low voltage time permits variable levels of reflection. 
These variable levels can be mapped out to con^espond- 
ing gray levels, and when the field is removed, light- 
modulating layer 11 maintains a given optical state in- 
definitely. This process is more fully discussed in US-A- 
5,437,811. 

[0020] FIG. 4 is a cross section through a domain 32 
containing a cholesterk: material. Domain 32 is spheri- 
cal, and cholesteric material anchors on the surface of 
the domain 32. Because the surface of domain 32 is 
spherical, incident light 40 from any angle of observation 
is reflected. The result is that these polymer dispersed 
(cholesteric) liquid crystals (PDChLC) have good off-ax- 
is reflectivity. 

[0021] In an experiment, E.M Industries chiral nemat- 
ic liquid crystal material BL-1 1 8 was dispersed in deion- 
ized photographic gelatin. The BL-11 B cholesteric liquid 
crystal material had a concentration of chiral dopant suf- 
ficient to reflect green (550-nanometer) light. The liquid 
crystal material was dispersed at an 8% concentration 
in a 5% deionized gelatin solution. The mixture was dis- 
persed using a Silverson mill. Changing the milling time 
varied the final droplet size. Mixtures were made having 
a mean domain size of 1 , 4 and 9 micron. Using a con- 
ventional dispersion process, these domains vary in 
size by a ratio of 1 0:1 . The materials were coated onto 
a sheet of ITO coated polyester having a sheet conduc- 
tivity of 160 ohms per square. The coating was dried to 
provide a 9-micrt)n thick potymerically dispersed chol- 
esteric coating. The coated materials were effective. 
[0022] Returning to FIG. 1 A, asectk)nal view is shown 
through the experimental sheet 10 whch has domains 
of cholesteric material in deionized gelatin that act as 
light-modulating layer 30. LightHnodulating layer 30 was 
printed wrth a black, electrical conductive nnaterial to 
create second conductor 22 which also acts as light ab- 
sort)er 70 forthe cholesteric Ik^uid crystal. A high voltage 
electrical field was applied to align the cholesteric liquid 
crystal in light-modulating layer 30 to be planar state 72 
as shown in FIG. 3A.. Chotesteric liquid crystal material 
in domains 32 aligned and all sheets 10 reflected a 
green reflective light 46 and some scattered light 42. In 
FIG. 1 B, a k)w field was applied to sheet 1 0, converting 
the liquid crystal to the transparent focal-conic state 70 
shown in FIG. 3B. Sheet 10 could be repeatedly 
changed between the planar and focal-conic states, and 
maintained a given state in the at>sence of any electrical 
field. The selective bimodal optical states seen in sheets 
10 are useful in display sheets having memory, as set 
forth in the prior art. 

[0023] The dried coating had domain sizes varying in 



diameter by a ratio of 10:1 . This creates large domains 
32 and smaller parasitic domains 34. A series of coat- 
ings having the same material concentrations and thick- 
ness, but different mean domain size, were measured 

5 for reflectance. FIG. 5 graphs scattered light 42 and re- 
flected light 46 versus domain size for conventional dis- 
persions. At smaller mean domain sizes, such as 2 mi- 
cron, domains 32 tend to scatter light 42, and have little 
reflected light 46. As domain size increases to 10 mi- 

10 crons in size, domains 32 increase in reflected light 46 
and decrease in scattered light 42. It is apparent that 
domains below 10 microns act more as diffusens than 
reflectors. Even with large domain sizes, parasitic do- 
mains 34 will act more to diffuse, distorting the purity of 

IS color reflection. 

[0024] Sheets 1 0 were fabricated using limited coa- 
lescence materials and processing to form unifomnly 
sized emulsions of liquid crystalline material. This was 
done by homogenizing the liquid crystalline material in 

20 the presence of finely divided silica, a coalescence lim- 
iting material, (LUDOX® from duPont Corporation). A 
promoter material was added to the aqueous bath to 
drive the colloidal partk:les to the liquid-liquid interface. 
In the example, a copolymer of adipc acid and 2-(meth- 

25 ylamino)ethanol was used as the promoting agent in the 
water bath. The liquid crystal material was dispersed us- 
ing ultrasound to create liquid crystal domains below 1 
micron in size. When the ultrasound energy was re- 
moved, the liquid crystal material coalesced into do- 

30 mains of unifomi size. The ratio of smallest to largest 
domain size varied by approximately 1 :2. By varying the 
amount of silica and copolymer relative to the liquid crys- 
talline material, uniform domain size emulsions of aver- 
age diameter (by microscopy) approximately 1 , 3, and 

35 8 mcron were produced. These emulsions .were diluted 
into gelatin solution for subsequent coating. 
[0025] The limited coalescent materials were coated 
using a photograph b emulsion coating machine onto 
sheets of polyester having an ITO coating with a sheet 

^ conductivity of 160 ohms per square. The coating was 
dried to provide a 9 mcron thick polymerically dispersed 
cholesterk; coating. FIG. 2A shows that domains 32 of 
a limited coalescent material nnaintained their uniform 
size after the addition of the surfactant and after t>eing 

^ machine coated. Therefore, the present invention pro- 
vides a uniform set of domains and they are responsive 
to an applied electrical field to change optical states.. 
There were few, if any, parasitk; domains 34 (having un- 
desirable electro-optical properties) within the dried 

50 coatings, in FIG. 2B, the coated sheets 1 0 were bonded 
to a second sheet of ITO coated plastk; and electric field 
44 applied to align the liquid crystal material in light- 
modulating layer 30. The domains ciligned and all sheets 
10 became transparent with a minimum of scattering 

55 light 42. Therefore, the application of the electrical field 
pemriits information to be stored in the uniform domains. 
[0026] Limited coalescence can be viewed as dis- 
persing a light-modulating material below a given size. 
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and using coalescent limiting material to limit the size of 
the resulting domains. Such materials are characterized 
as having a ratio of maximum to minimum domain size 
of less than 2:1 . By use of the term "uniform domains", 
it is meant that domains are fomied having a domain 
size variation of less than 2:1 . Limited domain materials 
have improved optical properties. 
[0027] A 0.10% concentration of sodium triisopropyl- 
naphthalene sulfonate was added to the emulsion to 
permit the mixture to unlfonnly cover an ITO surface. 
The limited coalescent materials with the added sur- 
factant were coated using a photographic coating ma- 
chine onto sheets of polyester having an ITO coating 
with a sheet conductivity of 160 ohnns per square. The 
coating was dried to provide a 9-micron thick polymeri- 
calty dispersed cholesteric coating. FIG. 2A is a section- 
al view through a limited coalescent cholesteric liquid 
crystal sheet showing that domains 32 maintained their 
unifomn size afterthe addition of the surfactant and after 
being machine coated. There were few, if any, parasitic 
domains 34 within the dried coatings. 
[0028] The limited coalescent materials were coated 
with a black, electrical conductive material to create sec- 
ond conductor 22. A high voltage electrical field was ap- 
plied to align the liquid crystal material in light-modulat- 
ing layer 30 to the become planar state 72 in FIG. 3A. 
The domains aligned and when sheets 1 0 were excited 
by incident light 40, sheets 1 0 generated green reflec- 
tive light 46 with little scattered light 42. In FIG. 2B, a 
low field was applied to sheet 1 0 to convert the liquid 
crystal to the transparent focal-conic state 70 In FIG. 
3A.. Sheets 1 0 can be repeatedly changed between the 
planar and focal-conic states, and maintained a given 
state in the atxsence of any electrical field. The selective 
bimodal optical states seen In sheets 10 are useful in 
display sheets having memory, as set forth in the prior 
art. 

[0029] Sheets 10 made by the limited coalescence 
process had curves similar to those of conventionally 
dispersed materials shown in FIG. 5. However, with 8 to 
1 0 micron domains, the material had reduced scattering 
43 due to the elimination of parasitic domains 34. FIG. 
6 Is a plot of the spectral distribution of a cholesteric ma- 
terial using conventional dispersion material 80 and linn- 
ited coalescent dispersion material 82. The convention- 
al dispersion materials reflect light in wavelengths out- 
side the reflectivity cholesteric liquid crystal. 
[0030] Conventionally dispersed cholesteric materi- 
als have parasitic domains 34, which reflect light in 
wavelengths outside the wavelengths reflected by the 
cholesteric material. Limited coalescent dispersions 85 
had reduced reflection in other wavelengths due to the 
elimination of parasitic domains 34. The increased pu- 
rity of color is important in the developn^ent of full color 
displays requiring well-separated color channels to cre- 
ate a full-color image. Limited coalescent cholesteric 
materials provide purer light reflectance than cholesteric 
liquid crystal material dispersed by conventional meth- 



ods. It has also been proven that limited coalescent dis- 
persions can be machine coated and maintain a unifomn 
domain size. 

5 PAFHS LIST 

[0031] 

sheet 
substrate 
first conductor 
second conductor 
light-modulating layer 
domains 

parasitic domains 
incident light 
scattered light 
reduced scattering 
electric field 
reflected light 
light absorber 
planar state 
focal-conic state 
conventional dispersion material 
limited coalescence material 



Claims 

30 1. A light-modulating, electrically responsive sheet 
comprising: 

(a) a substrate; 

(b) an electrically conductive layer fonmed over 
35 the substrate; 

(c) a light-modulating layer disposed over the 
electrically conductive layer and Including at 
least one dispersible light-modulating material 
and coalescence limiting material into whk^ 

^ the dispersible light-modulating material(s) is 

provided so that such dispersible light-modulat- 
ing material coalesces to form a limited coa- 
lesced material having a set of domains that ex- 
hibit different electrically responsive optical 
45 states. 

2. A light-modulating, electrically responsive sheet 
comprising: 

so (a) a substrate; 

(b) an electrically conductive layer formed over 
the substrate; 

(c) a light-modulating layer disposed over the 
electrically conductive layer and including at 

S5 least one dispersible light-modulating material 

and coalescence limiting material into whk^h 
the dispersible light-modulating material(s) is 
provided so that such dispersible light-modulat- 
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ing material coalesces to form a set of unlfomi 
domains having a plurality of optical states. 

The light-nrtodulating, electrically responsive dis- 
play comprising: 5 

(a) a substrate; 

(b) an electrically conductive layer f omned over 
the substrate; 

(c) a light-modulating layer disposed over the io 
electrically conductive layer and Including at 
least one dispersible light-modulating material 
and coalescence limiting material Into which 

the dispersible light-modulating materials) is 
provided so that such dispersible light-modulat- is 
ing material coalesces to form a set domains 
having a plurality of optical states;. 

(d) unifonn set of domains being responsive to 
an applied electric field to change optical 
states; and 20 

(e) a second conductor layer disposed over the 
light-modulating layer and adapted to provide 
an electrical field when an electrical potential is 
applied the conductive layer and the second 
conductive layer so that the unifonn domains 25 
change optical state wherein there are at least 
two optical states, wherein the application of 
the electrical field permits information to be 
stored in the uniform domains. 

30 

The light-modulating, electrically responsive sheet 
of daim 3, wherein the dispersible light-modulating 
material is a liquid crystal material. 

The light-modulating, electrically responsive sheet 35 
of daim 4, wherein the dispersible light-modulating 
material is a cholesteric liquid crystal material. 
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